complexes, being dependent on pH in the region of 4.5-7.5 and pH-independent in more alkaline solutions. The decrease of the PARACEST effect parallels with the increasing abundance of the complex protonated species, where the pendant amino group is not coordinating. Surprisingly, a small PARACEST effect was also observed in solutions of Eu(III)/Yb(III)-H 3 L 3 complexes, where the pendant amino group is dimethylated. The effect is detectable in a narrow pH region, where both protonated and deprotonated complex species are present in equilibrium. The data points to the new mechanism of the PARACEST effect, where the slow coordination-decoordination of the pendant amine is coupled with the fast proton exchange between the free amino group and bulk water mediates the magnetization transfer. The pH-dependence of the effect was proved to be measurable by MRI and, thus, the complexes extend the family of pH-sensitive probes.
Introduction
Contrast agents (CAs) that alternate the properties of bulk water have been used for a long time to improve the resolution and utilization of magnetic resonance imaging (MRI) in medicine and molecular biology. The classical molecular CAs are based on complexes of highly paramagnetic metal ions, mainly on trivalent gadolinium. 1 The complexes change the relaxation times of the bulk water protons most frequently through the exchange of the whole coordinated water molecule. Another class of CAs is based on a completely different principle, a chemical exchange saturation transfer (CEST), was introduced some time ago. 2 The method is based on irradiation (saturation) of protons exchangeable with bulk water protons leading, after the chemical exchange, to a decrease of the bulk water proton signal. As signals of the bulk water protons and the protons to be irradiated should be 
Results and discussion

Synthesis
The ligands were synthesized (Schemes 3 and 4) by reaction of t-Bu 3 DO3A with the appropriate amine-containing precursor. Alkylation of t-Bu 3 DO3A with N-(2-bromoethyl)-phthalimide followed by sequential deprotection by trifluoroacetic acid and hydrazine led, after chromatography on anion exchanger, to zwitterionic H 3 L 1 in 59% overall yield (Scheme 3). The synthesis is more simple compared to the previously published procedure, 14 and is easily scalable and avoids HPLC purification.
To obtain ligand H 3 L 2 , 2-[N-(ethyloxycarbonyl)-N-methylamino]bromoethane was used as the alkylation agent reacting with t-Bu 3 DO3A and, after deprotection using trifluoroacetic acid and 10% aq. NaOH and chromatography on ion exchange resins, the ligand was isolated as a zwitterion in 30% overall yield (Scheme 4). Direct methylation of H 3 L 1 with a formaldehyde-formic acid mixture easily produced H 3 L 3 in high yield (Scheme 3); it is a significant improvement compared with the previous synthesis.
15
All three studied ligands were structurally characterized in their zwitterionic forms by single-crystal X-ray diffraction analysis. Single-crystals of sufficient quality were obtained from solutions in water or aqueous ethanol. Title ligands were isolated in the form of hydrates (H 3 L 1 ·5H 2 O, H 3 L 2 ·6H 2 O and H 3 L 3 ·3.5H 2 O, respectively). All three molecular structures are very similar, and therefore, only the molecular structure of H 3 L 1 is shown here in Fig. 1 ; other structures are shown in the ESI ( Fig. S1 and S2 †). In all three cases, the protonation scheme is the same -two protons are bound to the macrocycle amino groups bearing acetate moieties and are located mutually trans, and the third one is bound to the pendant aminoethyl group. Such a protonation scheme is consistent with the form suggested on the basis of 1 H NMR titration (see below, Scheme S1 †). The conformation of the macrocyclic unit is (3,3,3,3)-B, as usually observed for double-protonated cyclen rings (Table S1 †) . 16 Such a conformation is stabilized by intramolecular hydrogen bonds between the protonated and non-protonated macrocycle amino groups. Beside these interactions, the molecular structure is stabilized by further intramolecular hydrogen bonds, including protonated amines and deprotonated oxygen atoms of the carboxylate pendant arms, and the whole crystal structure is stabilized by extended hydrogen bond networks with water solvate molecules.
Stability of the complexes
The complexing properties of the most important ligand, H 3 L 1 , having a primary amino group, were investigated in detail. First, the conditions for the pendant amino group deprotonation and coordination were investigated by potentiometry. The ligand's overall protonation constants β h10 were determined by potentiometry and are compiled together with corresponding pK A values in Table 1 ; the ligand distribution diagram is shown in Fig. S3 
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obtained by NMR ( pK A = 13.3(3), 11.0(3), 9.3(2), 3.8(1) and 1.3(3)) are in a good agreement with those obtained by potentiometry (Table 1) ; the differences can be attributed to the different and non-controlled ionic strength during the NMR experiment and inaccurate (non-linear) potential-pH relationship in highly acidic/alkaline regions. However, the high value of the first protonation constant is confirmed and is clearly seen from the chemical shift dependence in the pH region 12.0-13.5 ( Fig. S4 †) . In addition, it is possible, from pH-dependent changes of individual 1 H NMR signals, to determine also the sites of consecutive protonations (Scheme S1 †): the first proton is distributed over all ring nitrogen atoms; the rather high value of the corresponding protonation constant is a consequence of intramolecular hydrogen bonds involving the ring nitrogen atoms as well as the pendant arms. Two pK A values can be assigned to the partly simultaneous protonation of the pendant amino group and the second nitrogen atom of the macrocyclic ring, associated with re-location of the protons bound to the ring nitrogen atoms. The same proton distribution was also found in the zwitterionic forms of all studied ligands in the solid state (see above). The last two measured constants correspond to the protonation of the pendant carboxylate groups. Further protonations of the ring nitrogen atoms take place below pH 1. Such a protonation sequence is consistent with those commonly found for all DOTA-like ligands. The stability constants, log β 011 , determined for La(III) and Gd(III) ions were found to be 20.02 and 22.23, respectively (Table 1) . Corresponding distribution diagrams are shown in Fig. S5 and S6. † The stability constants are lower than those reported for Ln(III)-DOTA (La(III) 22.9, Gd(III) 24.6) complexes and similar to those of Ln(III)-DO3A (Gd(III) 21.0) complexes. 17 In both studied systems, protonated species with pK A 6.06 and 5.83 for the La(III) and Gd(III) complexes, respectively, are formed. The value for the protonation of the Gd(III)-H 3 L 1 complex is in good agreement with the reported value (5.95) determined by relaxometric measurements. 15 The distribution diagrams show that free lanthanide(III) ions are not present above pH 5.5. The protonation takes place on the pendant amino group as it is the most basic site of the in-cage complex molecule and a difference of ∼4-5 orders of magnitude between the constants, corresponding to its protonation in the complexes and analogous protonation in the free ligand, points to an easier deprotonation induced by coordination of the group to the metal ion. Thus, one can conclude, that studied ligands are coordinated in an octadentate fashion involving the pendant amino group in the [Ln(L 1 )] species, and that the amino group is decoordinated upon protonation in the weakly acidic region. The maximum abundance of the [Gd(HL 1 )] + complex species in solution is observed at pH ∼5.
Structure of the complexes
To study the structure and properties of the lanthanide(III) complexes of H 3 L 1 , sample solutions were prepared by dissolving LnCl 3 and the ligand in a Ln : L = 1 : 1.1 molar ratio, adjusting the pH with aq. LiOH to 6.0, heating the solution at 60°C overnight, re-adjusting pH to 6.5 and heating at 60°C overnight again.
The complexes of the DOTA-like ligands are usually nonacoordinated (eight donor atoms coming from macrocyclic ligands and one site is occupied by a water molecule) and form two possible diastereomers -square-antiprismatic (SA) and twisted-square-antiprismatic (TSA) ones.
1 These diastereoisomers differ in the relative screwing of the macrocyclic (δ/λ) and pendant (Δ/Λ) chelate rings, giving rise to Δλλλλ/ Λδδδδ (SA) and Δδδδδ/Λλλλλ (TSA) combinations. In the 1 H NMR spectra, the signals showing best the isomer ratio belongs to those of the "axial" protons of the macrocyclic chelate rings, which are the closest ones to the lanthanide(III) ion and to the magnetic axis of the complexes. 18 In the Ln(III)-DOTA-like complexes, the TSA isomer with a larger coordination cage is strongly preferred at the beginning of the lanthanide series, with the SA one becoming dominant for heavier lanthanides. 18 Although the situation is sometimes complicated by the possible presence of an octa-coordinated species (i.e., without a coordinated water molecule, usually denoted as SA′/TSA′), which have a similar chemical shift range in the 1 H NMR spectra to the nona-coordinated SA/TSA species. Due to this fact, the abundance of twisted-square-antiprismatic isomers can slightly increase towards the end of the lanthanide series. 18, 19 The solution structures of the studied complexes were investigated by variable-temperature 1 H NMR. To assure the coordination of the pendant amino group, the pH of the samples was adjusted to the weakly alkaline region. However, the spectrum of the Eu(III) complex at pH 9 (Fig. S7 †) acquired at 25°C was not resolved enough to observe the required signals and to determine the isomer ratio; only very broad signals in the 17-27 ppm region (after correction for bulk magnetic susceptibility shift) were observed. Such chemical shifts are just between the regions typical for SA and TSA species, although slightly closer to the TSA one. 18 Both heating up to 90°C or cooling to 0°C led to a significant broadening and visual disappearance of these signals. It points to the fact that two relatively independent fluxional processes occur, affecting (Fig. 2) . The central ion is octacoordinated between mutually parallel macrocycle N 4 -and pendant-arm O 3 Nplanes, but closer to the pendant-arm one. As a result of smaller values of the trans ("opening") angles in the O 3 Nplane (120°and 125°for O311-Yb1-N52 and O211-Yb1-O411 angles, respectively), comparing to the limiting value (∼135°) for water coordination, 20 no water molecule is directly bound to the metal centre. During the refining of the crystal structure, the set of difference maxima in the electron density map were located close to the nitrogen and carbon atoms of the macrocycle, and pointed to some disorder in the macrocyclic unit. It was successfully modelled, leading to a calculated ratio of the SA′ : TSA′ isomers of 15 : 85% ( Fig. 2 and S9 †). The structural parameters of both coordination spheres fall into regions typical for the given isomers, 20 with mean torsion angles between N 4 -and O 3 N-planes of 37.5 and 22.5°, and separation of the N 4 -and O 3 N-planes of 2.50 and 2.59 Å for the SA′ and TSA′ species, respectively. Further selected geometric parameters are compiled in Table S2 . †
Chemical exchange saturation transfer
PARACEST experiments (measurements of so-called Z-spectra) produced the clean saturation of bulk water after irradiation of the broad regions with maxima at +19.5 and +34 ppm for the Eu(III)-H 3 L 1 complex ( pH = 7.67, t = 25°C), and +42 ppm and +89 ppm for the Yb(III)-H 3 L 1 complex ( pH = 7.40, t = 25°C); chemical shifts are given with respect to the signal of the bulk water protons. In the 1 H NMR spectra of the Eu(III) complex acquired in aqueous solution, a broad signal at 34 ppm is observable, and disappears on selective water pre-saturation or when acquiring the spectra in D 2 O (Fig. S10 †) . The other signal is overlapped with C-H proton signals and, therefore, cannot be distinguished in the 1 H NMR spectra. Also in the case of the Yb(III) complex, there are C-H proton signals in the regions corresponding to the CEST effect and, thus, it prevents the direct observation of the signals. For both complexes, the two observed CEST signals have equal intensities. With respect to the chemical structure of the complexes, the observed effect can be theoretically caused by two exchangeable pools of protons, i.e., by protons of the amino group of the pendant arm and/or by protons of the coordinated water molecule. From relaxometric data, it is known that one water molecule is coordinated in the Gd(III) complex, 15 and this fact is also undoubtedly valid for the complex of the slightly larger Eu(III) ion (but it cannot be easily confirmed by the normally used luminescence measurements due to the presence of two types of quenchers, O-H and N-H, which complicates the data evaluation). However, in the case of the complex with the significantly smaller Yb(III), an anhydrous species might be expected on the basis of the solid-state structure (see above). In such cases, three possible elucidations can be considered: (i) both signals come from the amino group, (ii) one signal belongs to the coordinated water molecule and other to the amine, and (iii) both signals belong to Carbon-bound H-atoms are omitted for clarity.
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the water molecule. To distinguish between these possibilities, more detailed studies were carried out. The most interesting CEST behaviour was observed while changing the solution pH. The CEST effect started to be observable at pH ∼6 for both of the Eu(III) and Yb(III)-H 3 L 1 complexes and reached a maximum at pH ∼8, and the saturation transfer efficiency was not changed with further pH increases up to ∼12; the mutual intensity ratio of the CEST peaks is not changed with pH. The results are shown in Fig. 3A and 3B and strongly support the first possibility, as when the CEST effect is caused by the coordinated water molecule (or by exchangeable protons of the amide 7 or hydroxy 8 moieties), the effect drops with increasing pH due to the faster prototropic (base-catalyzed) exchange of the corresponding protons (of the coordinated water molecule or the other mentioned pools). The behaviour reported in this work has not yet been reported in the literature. The magnitude of the CEST effect at different pH values follows an abundance of the fully deprotonated species -the CEST effect consistently disappears at lower pH with protonation and, thus, decoordination of the amino group (see potentiometric results, Table 1 and Fig. S5 and S6 †). The observations mentioned above are fully consistent with the low "acidity" of the N-H bond in the studied amino derivative if compared to the generally higher acidity of the N-H proton in carboxylic amides; therefore, in the case of DOTAM complexes, base-catalysed proton exchange significantly decreases the CEST effect in alkaline solutions but, in the case of our complexes, the CEST effect remains unchanged even at very high pH.
Thus, the observed CEST signals are assigned to hydrogen atoms of the coordinated pendant amino group. Two observed signals rise from the fact that two amine hydrogen atoms become magnetically non-equivalent after the group coordination. A similar situation has been observed for the amide hydrogen atoms of DOTAM (Scheme 1). 7 The lanthanideinduced shift of the amine hydrogen atoms is higher than that of the amide hydrogen atoms in analogous complexes, as the coordinated amine group is much closer to the metal ion and to the magnetic axis of the complexes. The possibility that two signals arise from the presence of two (SA and TSA) isomers could be excluded as both signals have an equal intensity and it would imply that the SA and TSA isomers have the same abundance for both complexes, which is very improbable due to the general trends along the lanthanide series. In addition, as both isomers should have a very similar geometry of the N 3 O-plane, the NMR signals associated with the protons of the amino pendant arm should have similar chemical shifts in both the SA and TSA species; however, there is a significant difference in the chemical shifts between the signals (Δδ ∼15 and 50 ppm for Eu(III) and Yb(III) complexes, respectively). With increasing temperature, the saturation transfer becomes more effective and two amine hydrogen signals converge and, finally, coalescence around 55°C and 65°C for the Eu(III) and Yb(III) complexes, respectively ( Fig. 3C and 3D ). On further heating (up to 95°C, Fig. S11 †) , the coalesced CEST signals approach slightly closer to signal of the bulk water but are still observable. Such a behaviour points to the dynamic averaging of the non-equivalent amine hydrogen signals; it can originate from a faster coordination-decoordination equilibrium or from a faster geometry change. Due to the insensitivity of the CEST effect to pH changes in the alkaline region, the process described above cannot be caused by neither hydroxide nor proton attack on the coordinated amino group. Therefore, the mechanism of the observed CEST effect is very probably associated with the (semi)labile coordination of the 2-aminoethyl pendant arm. Its coordination-decoordination is the rate-limiting step -when the pendant arm is coordinated, no exchange occurs but in the moment of the pendant arm decoordination, the exchange of protons of the free amino group with those of bulk water proceeds very quickly.
To support the hypothesis presented above, we prepared and studied complexes of mono-and dimethylated analogues, i.e., with ligands H 3 L 2 and H 3 L 3 . The complexes of H 3 L 2 showed significant CEST effects, observed as two close peaks with unequal intensity at 43 and 49.5 ppm for Eu(III) and one peak at 57 ppm for Yb(III), respectively (Fig. S12 †) . The two signals in the Z-spectra, observed in the case of the Eu(III) complex, can be attributed to two modes of coordination of the methylamino group, in which the methyl and hydrogen occupy equatorial/axial or reverse positions. In the case of the complex with the smaller Yb(III) ion, one of these possibilities is probably strongly preferred due to the larger steric strain around the methyl group, leading to only one observable signal in the Z-spectra. However, to our surprise, the Yb(III)-H 3 L 3 complex also exhibits a CEST effect at 26 ppm, although the CEST peak has a small intensity and is observable only in a narrow pH range 6-8.5 ( Fig. 4 and S13 †). In this pH region, the protonation-deprotonation of the -NMe 2 group is supposed (accordingly to the corresponding log K A ∼7.8 reported previously for its Gd(III) complex 15 ). Thus, an equilibrium between the deprotonated (and mostly coordinated) and protonated (and uncoordinated) amino group in the complex is present. Therefore, the observation of the CEST effect can be explained by the protonation-deprotonation of the uncoordinated dimethylamino group, which is still located sufficiently close to the highly paramagnetic centre to mediate the saturation transfer to the bulk water through this process. Such an explanation is consistent with the fact that the observed CEST effect disappears at a relatively low temperature ∼65°C, which is probably due to the much faster chemical exchange process (Fig. S13 †) , contrary to the complexes of H 3 L 1 where the analogous signal disappearance cannot be reached even at 95°C (see above). In the case of the Eu(III)-H 3 L 3 complex, a slight CEST effect was also observed, causing some asymmetric broadening of the water signal in the Z-spectra (Fig. S13 †) . This feature can be explained in a similar way to the above. To test the applicability of the complexes as MRI pH probes, the CEST effect was measured in phantoms containing Eu(III)-H 3 L 1 and Yb(III)-H 3 L 1 complex solutions having different pH and concentrations. The final CEST images were obtained after irradiation at the CEST and symmetrical negative frequencies and subtracting the images (Fig. 5 and S14 †). Normalized signal intensities are shown in Fig. S15 and S16. † The results clearly show that the prepared complexes can be successfully employed as CEST probes in the pH region relevant to living systems.
Experimental
Materials and methods
Commercially available chemicals had synthetic purity and were used as received. Deionized water, used for the synthesis of the ligands and their complexes, was prepared using a deionization water system ROWAPUR 200/100. Water used for potentiometric titrations was prepared by a Milli-Q (Millipore). using 5-mm sample tubes. Chemical shifts δ are given in ppm and coupling constants J are reported in Hz. For the 1 H and 13 C measurements in D 2 O, t-BuOH was used as the internal standard (δ H = 1.25, δ C = 30.29). For the measurements in CDCl 3 , TMS was used as the internal standard (δ H = 0.00, δ C = 0.00). Abbreviations s (singlet), t (triplet), q (quartet), m (multiplet) and br (broad) are used in order to express the signal multiplicities. Elemental analysis was performed at the Institute of Macromolecular Chemistry of the Academy of Science of the Czech Republic (Prague).
Synthesis
N-(2-Bromoethyl)phthalimide (3). Compound 3 was prepared according to a modified published procedure. 23 To a 
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This well-stirred suspension of K 2 CO 3 (9.40 g, 68 mmol), 1,2-dibromoethane 2 (11.7 ml, 136 mmol) and tetrabutylammonium bromide (TBAB, 0.70 g) in DMF (20 ml), was added phthalimide 1 (5.00 g, 34 mmol) and the reaction mixture was stirred for 18 h at 40°C. Next, the mixture was poured into water (150 ml) and the product 3 was extracted with ethylacetate (4 × 25 ml). The organic portion was concentrated in vacuo. The product was purified by crystallization from hot EtOH to give 3 (7.61 g, 88% The solids were filtered off and the filtrate was evaporated on a rotary evaporator. The oily residue was dissolved in CHCl 3 (20 ml) and extracted with distilled water (4 × 10 ml). The organic portion was dried over anhydrous Na 2 SO 4 and concentrated in vacuo to give 3.40 g of yellow oil containing compound 4 contaminated with phthalhydrazide and an excess of alkylating reagent 3. The by-product and alkylating reagent were not removed, and the crude product 4 was used in the next step without purification (only a small amount of the crude product 4 was purified for characterization purposes using HPLC). A portion (3.35 g) of this mixture containing compound 4 was dissolved in CF 3 COOH and CHCl 3 (30 ml, 1 : 1); the resulting solution was refluxed for 24 h. After evaporation to dryness the oily residue was dissolved in a small amount of distilled water and then loaded onto a strong cation exchange column (Dowex 50, 50-100 mesh, H + -form, 2 × 9 cm). Acidic impurities were removed by elution with water and the product 5 was eluted with 5% aq. NH 3 . Fractions containing the product (TLC check) were combined and evaporated to give 2.82 g of yellow oil containing compound 5. The crude product 5 was used in the next step without purification. The portion (2.80 g) of the crude product 5 was dissolved in 80% aq. NH 2 NH 2 ·H 2 O (15 ml); the resulting mixture was then heated for 18 h at 90°C and concentrated in vacuo. The residue was dissolved in a small amount of distilled water. Then the solution was filtered and loaded onto a strong anion exchange column (Dowex 1, OH − -form, 1.25 × 8 cm). Impurities were removed by elution with water and the product H 3 L 1 was eluted with 5% aq. CH 3 COOH. Fractions containing the pure product (TLC and 1 H NMR check) were combined and evaporated to give H 3 L 1 (1.90 g) as an yellow oil. 17 (43.33), H: 8.40 (8.41), N: 15.39 (15.79) .
2-[N-(Ethyloxycarbonyl)-N-methylamino]ethanol (7) . To a solution of 6 (2.64 g, 35.2 mmol) in a mixture of dioxane and H 2 O (30 ml, 1 : 1), ethyloxycarbonylchloride (0.96 g, 8.85 mmol) was added dropwise. The solution was stirred at room temperature for 2 h and concentrated in vacuo. The oily residue was dissolved in CH 2 Cl 2 (30 ml) and extracted with H 2 O (3 × 15 ml) and 3% aq. HCl (1 × 15 ml). The organic portion was dried over Na 2 SO 4 
2-[N-(Ethyloxycarbonyl)-N-methylamino]bromoethane (8).
To a well-stirred solution of 7 (1.09 g, 7.41 mmol) in dry THF (40 ml), in a flask equipped with a drying tube, CBr 4 (3.68 g, 11.1 mmol) and PPh 3 (2.92 g, 11.1 mmol) were added.
The reaction mixture was stirred for 1 h at room temperature, filtered and then evaporated on a rotary evaporator. The oily residue was dissolved in small amount of CH 2 Cl 2 and purified by chromatography (SiO 2 , 18 × 3.5 cm). Impurities were removed by elution with CH 2 Cl 2 , the pure product was eluted using a mixture of acetone and CH 2 Cl 2 (1 : 9). Fractions containing the product 8 (TLC check) were combined and evaporated to give 8 (1.32 g) .28 mmol) in dry MeCN (10 ml) was added dropwise. The reaction mixture was stirred for 24 h at 60°C, filtered, and the filtrate was evaporated on a rotary evaporator. The oily residue was dissolved in CHCl 3 (20 ml) and extracted with distilled water (4 × 10 ml). The organic portion was dried over Na 2 SO 4 and concentrated in vacuo to give 3.82 g of yellow oil containing compound 9 contaminated with an excess of alkylating reagent 8. The alkylating reagent was not removed, and the crude product 9 was used in the next step without purification. A portion (3.80 g) of the mixture containing compound 9 was dissolved in a mixture of CF 3 COOH and CHCl 3 (30 ml, 1 : 1); the resulting solution was refluxed for 24 h and evaporated on a rotary evaporator. The oily residue was dissolved in a small amount of distilled water and evaporated (this procedure was then repeated three more times) to give 5.00 g of yellow oil containing compound 10 (it was used in the next step without purification).
The crude product 10 (5.00 g) was dissolved in 10% aq. NaOH (50 ml) and stirred for 24 h at 90°C. Then the solution was loaded onto a strong anion exchange column (Dowex 1, OH − -form, 1.25 × 20 cm). Impurities were removed by elution with water and the product H 3 L 2 was eluted with 5% aq. Fig. S9 †) . It was successfully modelled using the anisotropic refinement of atoms occupying positions with a higher occupancy, whilst the less occupied part was refined in isotropic mode. All other non-hydrogen atoms were refined anisotropically. Although hydrogen atoms could be found in the electron difference map, they were fixed in theoretical (C-H) or original (N-H, O-H) positions using the riding model with U eq (H) = 1.2U eq (X) to keep the number of refined parameters low.
HPLC
The analytical HPLC system consisted of a gradient pump Beta 10 (ECOM) equipped with a mixer Knauer A0285 and dual UVdetector (ECOM). Analysis was performed on a LunaPHC8 column (150 × 4.6 mm, Phenomenex, the flow rate 1 ml min −1 ). The mobile phase was continuously vacuum degassed in a DG 3014 degasser (ECOM) and it was mixed in the gradient pump from the stock solutions. The detector wavelengths were set to 210 and 254 nm. Injection volumes were 20 μl (concentrations of the samples were 1 mg ml −1 ).
The preparative HPLC system was composed of a gradient pump LCD 50 K (ECOM) and UV-Vis detector LCD 2083 (ECOM). Preparation was performed on a LunaPHC8 (250 × 21.1 mm, Phenomenex, the flow rate was maintained at 20 ml min −1 ). The detector wavelengths were set to 210 nm. The mobile phase was prepared separately and degassed using an ultrasound probe (Cole-Parmer 750-Watt Ultrasonic Homogenizer). Injection volumes were 1 ml. The collection and processing of the data was performed using Clarity (DataApex) software.
Potentiometry
Potentiometric titrations 26 were carried out in a vessel thermostatted at 25.0 ± 0.1°C, at a constant ionic strength (I = 0.1 M (Me 4 N)Cl) using a PHM 240 pH-meter, a GK 2401B combined glass electrode and a 2 ml ABU 900 automatic piston burette (all Radiometer). The initial volume was ca. Titrations were performed with a (Me 4 N)OH solution. Titrations with metal ions were performed at metal-to-ligand molar ratios of 1 : 1. Ligand titrations consisted of about 40 points per titration and were run in triplicate. As the complexation was too slow for conventional titration, the "out-of-cell" method was used; 26 about 25 points per titration, two parallel titrations, three weeks at room temperature for equilibration.
To calculate the protonation constants of the ligand and the stability constants of the complexes, the OPIUM 27 software package was used. The overall protonation constants β h10 are concentration constants defined as
) (they can be transferred into stepwise dissociation constants as pK A (H h L) = log β h − log β h−1 ). The concentration stability constants β hlm are generally defined by
). The value of pK w used was 13.81. 
H NMR titrations
CEST experiments
All Z-spectra were recorded on a VNMRS300 operating at 299.9 MHz (B 0 = 7.05 T), using 5 mm sample tubes and a coaxial capillary with D 2 O and t-BuOH as the external standard. Samples were of 25-100 mM concentration in the mixture of H 2 O and D 2 O (1 : 10) or in H 2 O; pH was adjusted with aqueous HCl or LiOH solutions. Standard pulse sequences for presaturation experiments were used. Saturation offsets were set using the array-function (increment 200-250 Hz). Other measurement parameters are listed below each figure.
MRI CEST images were measured with phantoms consisting of one vial containing an aqueous solution of the La 3+ -complex as a control and eight (resp. five) vials containing aqueous solution of Eu 3+ or Yb 3+ -complexes with different pH values or concentrations. All MRI CEST images were acquired on a 4.7 T scanner (Bruker BioSpec, Germany) using RARE (Rapid Acquisition with Refocused Echoes) or MSME (Multi Slice Multi Echo) pulse sequences with presaturation pulse. Experimental conditions: TR = 5000 ms, TE = 8.9 ms, resolution 0.35 × 0.35 × 2 mm, turbo factor = 4 (in RARE sequence).
Other measurement parameters are listed below each figure.
Parameters of presaturation pulse: B 1 = 20 μT, satdly = 2 s. For all MR experiments, the resonator coil was used.
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All MR images were processed using an in-house program, written in Matlab (The Mathworks Inc, USA), where the signal intensity was normalized to unit slope and receiver gain. Then the difference image between the images acquired with negative and positive frequency offset of the saturation frequency was calculated. Difference images were analysed using ImageJ software (NIH, USA), regions of interest were outlined manually.
Conclusions
We prepared 2-aminoethyl derivatives of DO3A and showed that the coordinated amino group mediates NMR saturation transfer to the bulk water. We suggest a new mechanism for the PARACEST effect, consisting of the coordination-decoordination of the amino group having an optimal rate, combined with the very fast protonation-deprotonation of the group while the group is non-bound to the paramagnetic metal ion. The pH-dependence of the saturation transfer parallels with the abundance of the species with the coordinated amino group. This novel type of PARACEST agent broadens the arsenal of pH-sensitive probes for possible in vivo pH measurements by MRI.
